Aims/hypothesis: Visceral and intermuscular adipose tissue (IMAT) depots account for most obesity-related metabolic and cardiovascular complications. Muscle satellite cells (SCs) are mesenchymal stem cells giving rise to myotubes and also to adipocytes, suggesting their possible contribution to IMAT origin and expansion. We investigated the myogenic differentiation of SCs and the adipogenic potential of both preadipocytes and SCs from genetically obese Zucker rats (fa/fa), focusing on the role of Wnt signaling in these differentiation processes. Methods: SCs were isolated by single-fiber technique from flexor digitorum brevis muscle and preadipocytes were extracted from subcutaneous adipose tissue (AT). Morphological features and gene expression profile were evaluated during in vitro myogenesis and adipogenesis. Wingless-type MMTV integration site family member 10b (Wnt10b) expression was quantified by quantitative PCR in skeletal muscle and AT. Results: We did not observe any difference in the proliferation rate and in the myogenic differentiation of SCs from obese and lean rats. However, a decreased insulin-induced glucose uptake was present in myotubes originating from fa/fa rats. Under adipogenic conditions, preadipocytes and SCs of obese animals displayed an enhanced adipogenesis. Wnt10b expression was reduced in obese rats in both muscle and AT. Conclusions/interpretation: Our data suggest that the increase in different fat depots including IMAT and the reduced muscle insulin sensitivity, the major phenotypical alteration of obese Zucker rats, could be ascribed to an intrinsic defect, either genetically determined or acquired, still present in both muscle and fat precursors. The involvement of Wnt10b as a regulator of both adipogenesis and muscle-to-fat conversion is suggested.
Introduction
The excess energy storage as fat in obesity derives from an imbalance between food intake and energy expenditure. Adipose tissue (AT) represents the major triglyceride storage compartment, and in particular, the visceral depot is actively involved in the progressive development of obesity-associated disorders such as diabetes mellitus, dyslipidemia and cardiovascular diseases. Using new highly sensitive imaging techniques, it is possible to detect and measure AT depots other than subcutaneous and visceral. In particular, intermuscular adipose tissue (IMAT) may increase in obesityand age-related metabolic disorders. [1] [2] [3] In all these conditions, IMAT expansion could occur because of muscle atrophy, the reduction of the regenerative capacity of satellite cells (SCs), 4 along with their abnormal shift toward the adipogenic lineage. 5 SCs represent a heterogeneous stem-cell population, 6, 7 characterized by plasticity [8] [9] [10] and self-renewal. 11, 12 Although SCs are mostly considered as myogenic precursors, they also undergo adipogenic differentiation induced by adipogenic factors 8, 9, 13, 14 and by spontaneous occurrence; 8, 10 this ability is greater in SCs from oxidative muscles than in those from glycolytic muscles 15 and it is increased in SCs isolated from 23-month-old mice compared with 8-month-old mice. 16 Moreover, it is likely that the SC's fate could be influenced by pathological conditions, such as obesity and diabetes. In our study, we used the genetically obese Zucker (fa/fa) rat, a model of early-onset obesity and metabolic syndrome, 17 presenting also a decreased skeletal muscle mass (sarcopenia) at different muscle levels since 6 weeks of age, [18] [19] [20] [21] which has been recently attributed to a reduced number of total myonuclei and an impaired proliferation of SCs. 22 In this paper, we aimed to study the myogenic and adipogenic potential of muscle and fat precursors in an animal model of obesity. In particular, we focused on SCs to investigate their role in IMAT formation. To analyse all these differentiation processes, we performed morphological evaluations and mRNA quantification of lineage-specific markers (myoD and myogenin, peroxisome proliferative activated receptor gamma 2 (pparg2) and leptin).
Finally, because Wnt signaling is involved in both myogenic and adipogenic differentiation, [23] [24] [25] we compared wingless-type MMTV integration site family member 10b (wnt10b) expression in the muscle and AT of obese and lean rats taking into account the fiber composition (oxidative vs glycolytic) and AT cell fractions (mature adipocytes vs stromal cells).
Materials and methods

Animals
Eight-week-old lean and obese male Zucker rats (lean 230 ± 4.2 g and obese 261 ± 8.5 g, Po0.01) were purchased from Charles River Italia (Lecco, Italy) and housed in our animal facility (Experimental Surgery Unit, University of Padua) in a temperature-controlled room (20-22 1C ) with 12 h light/dark cycles. The animals were fed a standard laboratory diet (calories provided by protein 25%, fat 15% and carbohydrate 60%) for rodents and water ad libitum. The protocol was approved by an internal Ethics Committee and the animals were handled in accordance with the Italian law on animal experimentation. The investigation conformed to the 'Principles of laboratory animal care'.
Muscle SCs
Single fibers were isolated from the flexor digitorum brevis muscle of three lean (FA/FA) and three obese (fa/fa) rats, and processed as previously described by Rosenblatt et al.
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Briefly, muscles were rinsed in phosphate-buffered saline (GIBCO, Invitrogen Life Technologies, Paisley, UK) and digested for 3 h at 37 1C with collagenase type I 0.2% (w/v) (Sigma-Aldrich, St Louis, MO, USA). After digestion, muscles were transferred into a plating medium, consisting of Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) horse serum (GIBCO) and 1% (v/v) chicken embryo extract (MP Biomedicals, Irvine, CA, USA). The muscles were triturated with a wide-bore pipette to release single myofibers, singularly selected using an inverted microscope (Olympus IX51, Tokyo, Japan), placed on dishes precoated with 1 mg ml -1 Matrigel (Falcon, BD Biosciences, San Jose, CA, USA) and incubated at 37.5 1C, 5% CO 2 in a cell culture incubator. SCs started their proliferation on the fibers and by day 3 of culture they migrated onto the coated plastic plate.
Myogenic induction
Five days after seeding, the plating medium was replaced with a myogenic medium, consisting of DMEM supplemented with 20% fetal bovine serum (FBS) (GIBCO), 10% horse serum and 0.5% chicken embryo extract. The medium was changed three times a week. 
Adipogenic induction
Preadipocytes
The stromal vascular fraction (SVF) was isolated from subcutaneous AT of three lean (FA/FA) and three obese (fa/fa) rats (lean AT 2.2 ± 0.8 g and obese AT 13.4 ± 1.3 g, Po0.001) upon collagenase type II digestion (1 mg ml -1 ) (Sigma-Aldrich) in DMEM at 37 1C for at least 1 h. The sedimented stromal cells obtained by 350 g centrifugation were resuspended in an erythrocyte-lysing buffer for 5 min, washed and seeded in DMEM/F12 10% FBS (350 000 cells per well in 24-well plates). After 16-20 h for cell attachment, the cultures were re-fed with an adipogenic medium containing 5% FBS. 3-isobutyl-1-metylxanthine was removed after 3 days; the medium was changed three times a week.
Mature adipocyte and SVFs
Subcutaneous AT, obtained from four lean (FA/FA) and four obese (fa/fa) rats, was digested in a 1 mg ml -1 collagenase type II solution in Krebs-Henseleit-2% bovine serum albumin (BSA) buffer at 37 1C for 30 min. After 100 g centrifugation, a mature adipocyte fraction (MAF), as supernatant, and SVF, as pellet, were separated. The samples were washed in Krebs-Henseleit-2% BSA buffer (MAF) and DMEM/F12 10% FBS (SVF), then dissolved in QIAzol (MAF) or RLT buffer (SVF) (QIAGEN GmbH, Hilden, Germany) and stored at À80 1C until RNA purification.
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Whole-muscle samples Soleus and white quadriceps muscles were isolated from seven lean (FA/FA) and seven obese (fa/fa) rats. White quadriceps muscle was obtained by dissecting the noticeably white portion from the red portion of the muscle. Samples were snap-frozen in liquid nitrogen, then triturated with mortar and pestle until a powder was obtained, rescued with RLT buffer and stored at À80 1C for RNA isolation.
Cell-cycle length estimation
Five days after fiber seeding, SCs were detached by trypsin incubation for 10 min at 37 1C and plated in plating medium in 96-well microtiter plates with a density of 3000 cells per well. At time 0 and after 72 h, the cell number was determined using CellTiter-Glo Luminescent Cell Viability Assay (Promega Corporation, Madison, WI, USA). Briefly, the plate was equilibrated to room temperature for 30 min, and a 1:1 volume of CellTiter-Glo reagent was added to each well. On 10 min incubation at room temperature, luminescent signal was recorded using a Victor 3 luminometer (Perkin-Elmer, Waltham, MA, USA). Each sample was assessed in triplicate and analyzed in two independent experiments. The cell-cycle length was estimated using the following equation: Reactions were performed three times with Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen Life Technologies) using 5-10 ng of cDNA as previously described. 27 Results were normalized to the beta2microglobulin (b2m) mRNA or 18S rRNA content and reported as an arbitrary unit ratio. In pparg2 and leptin, qPCR results were expressed with respect to a MAF sample set as 100.
Oil-Red-O staining Lipid droplets were identified by Oil-Red-O staining. Cells were fixed in 10% formalin (Sigma-Aldrich) for 1 h at 4 1C and stained with a 0.5% solution of Oil-Red-O (Sigma-Aldrich) in 60% isopropanol for 15 min at room temperature.
Glucose uptake assay After 14 days of myogenic induction, myotubes were incubated at 37 1C for 2 h in serum-free DMEM and then treated with different concentrations of insulin (0-50 nM-500 nM-2mM) in serum-free DMEM for 1 h at 37 1C. The assay was initiated by the addition of 300 ml of a solution of 50 mM D-glucose and 1.5 mCi ml
(Amersham-Biosciences, Piscataway, NJ, USA). After 15 min at 37 1C, the assay was terminated by two rapid washes in ice-cold phosphate-buffered saline. Cells were solubilized in 500 ml phosphate-buffered saline with 0.1% Triton X-100 and radioactivity was measured using a b-counter (Wallace-Perkin-Elmer).
Glucose uptake was normalized to total protein content and expressed as a percentage of the basal value. The assay was performed on cultured myotubes differentiated from SCs obtained from three lean (FA/FA) and three obese (fa/fa) rats.
Statistical analysis
Results are presented as mean ± s.e.m. Statistical analysis was assessed using the nonparametric Mann-Whitney test (two-tailed). Differences were considered significant when Po0.05.
Results
Myogenesis from SCs
SCs obtained from lean (FA/FA) and obese (fa/fa) rat flexor digitorum brevis muscles were grown in myogenic medium for 14 days and evaluated by optical imaging analysis. SCs derived from lean (FA/FA) and obese (fa/fa) rats displayed a similar cell-cycle length (Figure 1b) and normally fused in elongating multinucleated myotubes (Figure 1a) . Moreover, only in cultures obtained from obese (fa/fa) rats were some isolated adipocyte-like cells observed (Figure 1a) .
Under myogenic conditions, the expression profile of myoD and myogenin was consistent with an effective myogenic differentiation of SCs, without any significant difference between lean (FA/FA) and obese (fa/fa) rats (Figure 1c) . myoD represents an early marker of myogenesis, whereas myogenin is expressed in a later phase of this process: in myotubes derived from obese (fa/fa) rats, the temporally defined pattern of expression of the two markers overlapped the one observed in controls (Figure 1c) .
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Insulin sensitivity of myotubes from SCs
We evaluated the insulin sensitivity of myotubes differentiated from SCs obtained from both groups by the glucose uptake assay (Figure 2 ).
After stimulation with insulin, wild-type myotubes showed a greater capacity to incorporate glucose than obese-derived cells, presenting a significant insulin-dose-dependent increase in glucose uptake compared with the basal value. On the other hand, myotubes obtained from fa/fa rats did not increase their glucose uptake significantly on insulin treatment, suggesting they were insulin resistant (Figure 2 ).
Adipogenesis from preadipocytes
Preadipocytes isolated from SVF were cultured in adipogenic medium (AM) for 2 weeks and morphological observation was carried out. Preadipocytes of obese (fa/fa) rats showed higher adipogenic capacity compared with lean (FA/FA) animals. Preadipocytes progressively changed their morphology, storing lipid droplets. Adipogenic differentiation involved 50±6% of FA/FA preadipocytes, whereas in the presence of the mutation of leptin receptor, about 90±8% of the adipogenic precursors gave rise to mature adipocytes (Figures 3a and b) .
The gene expression profile supported these morphological observations. We quantified pparg2 expression that was significantly higher in adipocytes from obese (fa/fa) rats, compared with that in lean (FA/FA) rats, during the whole differentiation process. Leptin expression also followed this pattern and it was significantly higher in fa/fa cells, in particular in the latest phases of adipogenic differentiation (Figure 3c ).
Adipogenesis from SCs
We investigated the adipogenic potential of SCs obtained from lean (FA/FA) and obese (fa/fa) rats. SCs were grown in Figure 1 Myogenic differentiation of SCs. SCs isolated from flexor digitorum brevis of lean (FA/FA) and obese (fa/fa) Zucker rats displayed a similar cell-cycle length (b). On culturing in myogenic medium for 14 days, no differences were noticed between the two groups in the capacity to form myotubes, as assessed by bright field microscopy ( Â 20 magnification) (a) and mRNA quantification of specific myogenic markers (myoD and myogenin) (c).
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A Scarda et al AM for 14 days and observed by microscopic analysis. Under adipogenic conditions, 30 ± 4% of SCs from lean (FA/FA) animals progressively changed their morphology into a round shape, and after 2 weeks, they were filled with lipid droplets that positively stained with Oil-red-O (Figures 4a  and b) . In SCs derived from obese (fa/fa) rats, the adipogenic differentiation was markedly higher, involving 60±7% of cells (Figures 4a and b) . pparg2, an early marker of adipogenesis, on 7 days of induction was significantly higher in fa/fa rather than in FA/FA cells. Moreover, leptin expression, quantified upon 14 days in adipogenic culture conditions, was significantly higher in cells obtained from obese (fa/fa) rats in comparison with those derived from lean rats, consistent with the greater adipogenic differentiation shown by morphological evaluation (Figure 4c) .
Furthermore, uncoupling protein 1 (ucp1) expression was undetectable in both adipocytes derived from SCs of lean and obese rats after 14 days in AM (Figure 4c ). 
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Wnt10b expression wnt10b expression was quantified in skeletal muscles with different fiber-type compositions of wild-type (FA/FA) and obese (fa/fa) rats, in particular in oxidative red muscle (soleus) and in the glycolytic white portion of quadriceps (white quadriceps). It was also assessed in subcutaneous AT divided into two compartments: the SVF (containing mostly preadipocytes, and also fibroblasts, vascular smooth muscle cells, endothelial cells, resident monocytes/macrophages, lymphocytes and stem cells) and the MAF (constituted mostly by mature adipocytes) of wild-type (FA/FA) and obese (fa/fa) rats. wnt10b expression in fa/fa soleus was significantly lower (Po0.01) compared with that in wild-type muscle (Figure 5a) . In white quadriceps, no significant difference in the mRNA level of wnt10b was observed between the two groups of rats.
wnt10b expression in SVF isolated from subcutaneous AT of obese (fa/fa) rats was significantly lower (Po0.05) than that in wild-type animals. Finally, wnt10b mRNA levels in MAF were significantly lower than those in SVF at the same extent in both groups of animals analyzed (Figure 5b ).
Discussion
Leptin receptor-deficient obese (fa/fa) Zucker rats, which recapitulate most of the features characterizing the metabolic syndrome (that is, hyperinsulinemia, muscle and AT insulin resistance), 17 also have a lower skeletal muscle size than their lean littermates. The sarcopenic phenotype has been attributed to an imbalance between protein synthesis and degradation 28 and to an impaired SC proliferation. 22 In our study, morphological features, cell-cycle length and gene expression analyses did not support any difference in the in vitro myogenic potential of SCs between obese and lean Zucker rats (Figure 1 ). However, myotubes derived from (fa/fa) SCs present a reduced insulin-stimulated glucose Figure 4 Adipogenic differentiation of SCs. SCs isolated from obese (fa/fa) Zucker rats and cultured in adipogenic medium for 14 days showed greater adipogenesis than controls (FA/FA). SC-derived adipocytes expressed pparg2 and leptin, whereas they were negative for the brown adipocytes marker ucp1. Adipogenesis of satellite cells in obese Zucker rats A Scarda et al uptake ( Figure 2 ). Several in vivo observations highlighted the presence of insulin resistance in Zucker rat muscles, [29] [30] [31] partially accounted for by a lower rate of basal and insulinstimulated glucose transporter translocation. 32 Moreover, insulin resistance is not present in 21-day-old preobese animals, suggesting that endocrine-metabolic alterations progressively affect an initially normal glucose uptake. 33 Our results pointed out that muscle insulin resistance is already present in SCs, suggesting the presence of an intrinsic defect at the muscle precursor level that cannot be rescued by in vitro culture. In myogenic conditions, about 1% of SCs derived from obese Zucker rats underwent spontaneous adipogenesis, suggesting that, in obesity, SCs could be more prone to enter an adipogenic program. We further investigate this aspect by culturing SCs under adipogenic conditions and we observed a greater capacity of SCs isolated from obese rats to differentiate into Oil-Red-O-positive adipocytes expressing adipose-specific genes (Figure 4) . Shefer et al. 10 have distinguished two SC subpopulations: one strictly 'myogenic' and one following the mesenchymal alternative differentiation pathway. Recently, we identified and clonally characterized two main subpopulations of SCs: the low proliferative clones present in major proportion (75%) and the high proliferative clones present instead in minor amount (25%). The first subpopulation spontaneously generated myotubes, whereas the latter differentiated into adipocytes. 34 It is possible to hypothesize that altered metabolic conditions, as in obesity, could modify the proportion of cells entering the myogenic or the adipogenic pathway, resulting in a wider fat depot in skeletal muscle. Recent findings show that muscle cells and brown adipocytes could derive from a common precursor. 35 However, in our experiments, SC-derived adipocytes displayed a white phenotype, expressing leptin and lacking ucp1 (Figure 4 ).
Our observations clearly show that the adipogenic process is enhanced in AT as well, as preadipocytes from obese rats have a higher degree of conversion into adipocytes (Figure 3) . Only a few studies have compared the adipogenic and lipogenic potential of obese and lean Zucker rats, showing either a similar or even decreased rate of adipogenesis, 36 along with a diminished lipid synthesis 37 in preadipocytes from obese animals. On the contrary, we showed an increased adipogenesis that could be due to the metabolic alteration linked with an obese phenotype, even if we cannot forget the lack of the anti-adipogenic and anti-lipogenic leptin's action in this model of genetic obesity.
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The Wnt signaling pathway, in particular the Wnt10b isoform, has a major role in adipogenesis of both preadipocytes and myogenic precursors in animals and humans. 16, 24, 25, 40 In preadipocytes, wnt10b expression is remarkably elevated, thus contributing to preserve an undifferentiated state through the inhibition of c/ebpa and pparg expression. 23 Our data show a significantly lower expression of wnt10b in the SVF of obese Zucker rats that could promote an enhanced adipogenesis and justify a greater expansion of AT ( Figure 5 ). On the other hand, Wnt10b has a documented role in myogenic differentiation as well. 25, 41 Here, we show a significant lower wnt10b expression in the soleus muscle of obese (fa/fa) rats compared with controls (FA/FA) ( Figure 5 ). This reduction could contribute to the muscle mass decrease, besides the enhanced adipogenic potential of SCs, both observed in obese Zucker rats. Our findings, obtained in two oxidative musclesFthe expression analysis in soleus and the SC isolation from flexor digitorum brevisFsuggest a particular involvement of muscle with different fiber-type compositions while undergoing alterations during obesity.
In conclusion, our results show that fat and skeletal muscle precursors of obese rats display an increased adipogenic potential, thus explaining the expansion of the different AT depots including IMAT. The involvement of Wnt10b as a Figure 5 Wnt10b expression in skeletal muscle and adipose tissue. The Wnt10b expression in soleus muscle of obese rats was significantly lower compared with that in controls, whereas in white quadriceps, no significant difference was observed between the two groups. Wnt10b mRNA expression in the stromal vascular fraction (SVF) isolated from obese rats was significantly lower than that in controls, whereas its level in mature adipocyte fraction (MAF) was significantly lower than that in SVF in both groups of animals. (a) mRNA quantification of wnt10b in soleus and white quadriceps of lean and obese Zucker rats (n ¼ 7; *Po0.05 obese soleus vs lean soleus). (b) mRNA quantification of wnt10b in SVF and MAF of lean and obese animals (n ¼ 4; *Po0.05 obese SVF vs lean SVF, # Po0.05 lean MAF vs lean SVF, y Po0.05 obese MAF vs obese SVF).
Adipogenesis of satellite cells in obese Zucker rats A Scarda et al regulator of both adipogenesis and muscle-to-fat conversion is strongly suggested. Despite a normal myogenesis, SCs from obese animals give rise to contracting myotubes that present an impaired insulin sensitivity. We suggest that driving the differentiation potential of SCs toward adipogenesis could be an important determinant of sarcopenia and IMAT accumulation in skeletal muscle during obesity and metabolic syndrome. Moreover, the muscle insulin resistance characterizing obesity is already present in muscle SCs because of the genetic background or the chronic exposure to adverse environmental conditions.
